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1
APPARATUS AND METHOD FOR COUNT
LOSS CALIBRATION OF
PHOTON-COUNTING DETECTORS IN
SPECTRAL COMPUTED TOMOGRAPHY
IMAGING

FIELD

Embodiments disclosed herein generally relate to com-
puted tomography (CT). In particular, embodiments dis-
closed herein relate to an apparatus and method for count loss
calibration of photon-counting detectors in spectral CT imag-
ing.

BACKGROUND

X-ray tomographic imaging, in its simplest expression, is
an X-ray beam traversing an object, and a detector relating the
overall attenuation per ray. The attenuation is derived from a
comparison of the same ray with and without the presence of
the object. From this conceptual definition, several steps are
required to properly construct an image. For instance, the
finite size of the X-ray generator, the nature and shape of the
filter blocking the very low energy X-rays from the generator,
the details of the geometry and characteristics of the detector,
and the capacity of the acquisition system are all elements that
affect how reconstruction is performed.

In one of many possible geometries, an X-ray source on top
of the graph shown in FIG. 1 is emitting an X-ray beam
forming a fan, traversing the object. While a wide range of
values can exist, typically, the distance “C” is around 100 cm,
“B” is around 60 cm, and “A” is around 40 cm. The principle
of tomography requires that each point of the object is tra-
versed by a collection of rays covering at least 180 degrees.
Thus, the entire X-ray generator and detector assembly will
rotate around the patient. Mathematical considerations show
that the tomographic conditions are met when a scan of 180
degrees plus the fan angle is performed.

Conventional X-ray detectors integrate the total electrical
current produced in a radiation sensor, and disregard the
amplitude information from individual photon detection
events. Since the charge amplitude from each event is pro-
portional to the photon’s detected energy, this acquisition
provides no information about the energy of individual pho-
tons, and is thus unable to capture the energy dependence of
the attenuation coefficient in the object.

On the other hand, semiconductor X-ray detectors that are
capable of single photon counting and individual pulse-
height analysis may be used. These X-ray detectors are made
possible by the availability of fast semiconductor radiation
sensor materials with room temperature operation and good
energy resolution, combined with application-specific inte-
grated circuits (ASICs) suitable for multi-pixel parallel read-
out and fast counting.

One major advantage of such photon-counting detectors is
that, when combined with pulse-height analysis readout,
spectral information can be obtained about the attenuation
coefficient in the object. A conventional CT measures the
attenuation at one average energy only, while in reality, the
attenuation coefficient strongly depends on the photon
energy. In contrast, with pulse-height analysis, a system is
able to categorize the incident X-ray photons into several
energy bins based on their detected energy. This spectral
information can effectively improve material discrimination
and target contrast, all of which can be traded for a dose
reduction to a patient.
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Using such photon-counting detectors for medical CT
applications requires very high X-ray flux in most CT tasks.
In a routine CT scan, as many as 10® photons, or even more,
can hit one detector element every second. Accordingly, pho-
ton-counting detectors suffer from count loss under high rate
X-ray irradiation, e.g., in a clinical CT scan. Photon count
loss may occur due to, e.g., detector crystal polarization or
pulse pileup.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the disclosed embodi-
ments and many of the attendant advantages thereof will be
readily obtained as the same becomes better understood by
reference to the following detailed description when consid-
ered in connection with the accompanying drawings,
wherein:

FIG. 1 illustrates an X-ray source emitting an X-ray beam
forming a fan, traversing an object;

FIG. 2 illustrates an example response of a photon-count-
ing detector in five energy windows;

FIG. 3 illustrates an example of incident-verses-detected
count response of a photon-counting detector with multiple
energy windows;

FIG. 4 illustrates a flowchart of a method of the present
disclosure for determining a window-by-window look-up
table for a count rate detector;

FIG. 5 illustrates a flowchart of a method of the present
disclosure for compensating for photon count loss during
patient scans; and

FIG. 6 is a diagram of a mechanically simplified CT appa-
ratus.

DETAILED DESCRIPTION

Embodiments disclosed herein relate to an apparatus and
method for count loss calibration of photon-counting detec-
tors in spectral CT imaging.

In one embodiment, there is provided a method for photon
count-loss calibration in a computed-tomography (CT) scan-
ner, comprising capturing incident X-ray photons via a plu-
rality of energy-discriminating detectors, determining photon
counts of the captured incident X-ray photons in a plurality of
energy windows at each energy-discriminating detector, and
adjusting the determined photon counts in each energy win-
dow for each energy-discriminating detector based on a pre-
determined photon count-loss look-up table and the deter-
mined photon counts.

In one embodiment, there is provided a CT apparatus,
comprising a CT scanner including an X-ray source, a detec-
tor including a plurality of energy-discriminating detectors
capturing incident X-ray photons emitted from the X-ray
source, and a processor configured to determine photon
counts of the captured incident X-ray photons in a plurality of
energy windows at each energy-discriminating detector, and
adjust the determined photon counts in each energy window
for each energy-discriminating detector based on a pre-deter-
mined photon count-loss look-up table and the determined
photon counts.

In one embodiment, there is provided a method to deter-
mine a photon count-loss look-up table for calibrating photon
counts detected at a plurality of energy-discriminating detec-
tors in a computed-tomography (CT) apparatus, the method
comprising: (1) emitting X-ray photons, under pre-deter-
mined scan parameters, from an X-ray source, to a phantom
arranged within the CT apparatus, the phantom including a
pre-determined basis material and having a pre-determined
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thickness; (2) capturing incident X-ray photons at the plural-
ity of energy-discriminating detectors; (3) detecting the pho-
ton counts of the captured incident X-ray photons in a plural-
ity of energy windows at each energy-discriminating
detector; (4) determining true photon counts based on the
pre-determined basis material, the pre-determined thickness,
and the pre-determined scan parameters; and (5) storing, in
the photon count-loss look-up table, the determined true pho-
ton counts and the detected photon counts in association with
parameters representing the pre-determined basis material
and the pre-determined thickness, and in association with the
pre-determined scan parameters.

In another embodiment, there is provided an apparatus to
determine a photon count-loss look-up table for calibrating
photon counts detected in a computed-tomography (CT)
apparatus, the apparatus comprising: (1) an X-ray source
configured to emit X-ray photons, under pre-determined scan
parameters, from an X-ray source, to a phantom arranged
within the CT apparatus, the phantom including a pre-deter-
mined basis material and having a pre-determined thickness;
(2) a plurality of energy-discriminating detectors configured
to capture incident X-ray photons and to detect the photon
counts of the captured incident X-ray photons in a plurality of
energy windows; (3) a processor configured to determine true
photon counts based on the pre-determined basis material, the
pre-determined thickness, and the pre-determined scan
parameters; and (4) a memory configured to store, in the
photon count-loss look-up table, the determined true photon
counts and the detected photon counts in association with
parameters representing the pre-determined basis material
and the pre-determined thickness, and in association with the
pre-determined scan parameters

Turning now to the drawings, FIG. 2 shows an example
response of a photon-counting detector in five pre-defined,
non-overlapping energy windows. Photon counting detectors
suffer from count loss under high rate X-ray irradiation, e.g.,
inaclinical CT scan. Photon count loss may occur due to, e.g.,
detector crystal polarization or pulse pileup. Accordingly,
instead of counting all the incident photons accurately, the
actual detected count is a function of incident count rate and
X-ray spectra, as both polarization and pulse pileup are rate-
and spectra-dependent. If left un-calibrated for, data incon-
sistency may occur between calibration scans and patient
scans, resulting in degraded image quality and diminished
diagnostic power.

According to one embodiment, a count loss calibration
method is provided. Such a method may be used in addition to
other calibration procedures available on existing CT scan-
ners. The true-verses-detected response of a photon-counting
detector is count-rate and spectra dependent. An X-ray spec-
trum is determined by protocol (kVp), filtration method, and
patient attenuation. Basis material decomposition results may
be used to parametrically describe patient attenuation. Count
rate is determined by spectra and technique (mA). According
to one embodiment, for count loss calibration, specially
designed calibration phantoms (e.g., wedges consisting of
different thicknesses of basis materials) are scanned under
different protocols (kVp), techniques (mA), and filtration
methods (e.g., bow-tie filters embedded in a CT scanner).
Then, the true-verses-detected count relationship is cali-
brated and stored to be used for patient scans, where the count
loss is corrected iteratively based on calibration results.

FIG. 3 illustrates an example of incident-verses-detected
count response of a photon counting detector. As shown in
FIG. 3, there is non-linearity between incident and detected
counts, and the relationship between incident and detected
counts varies from window to window.
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FIG. 4 illustrates a flowchart of a method of the present
disclosure for determining a window-by-window look-up
table for a count-rate detector for different spectra (described
by {L,, L,}, kVp, and filtration method) and mA combina-
tions.

In step S601, calibration scan parameters are chosen, i.e.,
basis material and thickness of basis material of phantom
({L,, L,}), protocol (kVp), technique (mA), and filtration
method (e.g., bowtie). Based on this information, {I,,, .}
values are calculated. Recently developed methods to accu-
rately compute {1,,,,, .} based on these scan parameters have
been developed. Various vendors have provided established
and proven software for this purpose, but the software is often
proprietary.

In step S603, a calibration scan is performed and the
detected photon counts in each energy window, {1, .cieqc)>
are measured.

In step S605, the detected counts, {I,,neqf and true
counts, {1, .} are recorded in a calibration look-up table in
association with the calibration scan parameters.

In step S607, the process checks if there are more calibra-
tion scans, and when there are more calibration scans, the
process goes to step S601. Otherwise, the process exits at step
S609.

FIG. 5 illustrates a flowchart of a method of the present
disclosure for compensating for photon count-loss during
patient scans. During a patient scan, based on the detected
counts and a calibration look-up table, count loss is iteratively
compensated for. This is done for each energy window of
each photon-counting detector in the system. The method of
FIG. 5 is performed for each detector independently.

InFIG. 5, steps S701, S705, S707, and S711 are performed
for each of the energy windows before moving to the next
step.

Instep S701, iteration parameter {I_,,..,,, .t is initialized to
be equal to the detected count {I,,,.q.; for each energy
window k.

In step S703, basis material decomposition is performed
based on {I_,,,,..} from all energy windows to obtain {L,,
L,}. In one embodiment, basis material decomposition uses
X-ray measurements at multiple energies to calculate the
basis material thickness/density, which quantitatively
describes an object’s X-ray attenuation property and its
energy dependence. Such decomposition is only feasible with
more than one energy, and thus is uniquely used in spectral
CT imaging. {L,,L,} can be mathematically calculated given
{Tesrronesey (=1, .. ., # of total energy windows). The exact
implementation is often vendor-specific and proprietary and
requires exact knowledge of the type of basis materials and
the X-ray spectra incident on the object.

In step S705, given {1 ... soas}> 111, Lo} and scan param-
eters, e.g., protocol, filtration method, and technique, the
calibration look-up table is used to obtain {I,,,,. .} for each
energy window k.

In step S707, the process checks if the iteration has con-
verged by checking if a pre-determined number of iterations
has been performed, and checking if the following condition
is satisfied:

truek.

Sk e L currens e <€

where € is a tolerance parameter determined by the eventual
image quality, which is application- and target-specific. For
example, if a low-contrast target is imaged, lower error can be
tolerated. When the iteration has converged, i.e., if a prede-
termined number of iterations have been performed or the
above condition is satisfied, the process exits in step S709.
Otherwise, the process proceeds to step S711.
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In step S711, iteration parameter I_,,,...,,, is set equal to [
and the process goes to step S703 for the next iteration.

After completion of the process of FIG. 5, data pre-pro-
cessing and image reconstruction may be performed using
I

true

true’

The process of FIG. 5 is repeated if an energy-window
setting is changed, e.g., if the position and width of some or all
energy windows change, which is required when application
and scan conditions change.

The disclosed embodiments compensate for rate- and spec-
tra-dependent detector count loss.

The disclosed embodiments obtain accurate spectral mea-
surements that are independent of incident count rate and
spectra.

FIG. 6 illustrates the basic structure of a CT apparatus that
can include the photon-counting detectors described herein.
The CT apparatus of FIG. 6 includes an X-ray tube 1, filters
and collimators 2, and detector 3. The CT apparatus will also
include additional mechanical and electrical components
such as a gantry motor and a controller 4 to control the
rotation of the gantry, control the X-ray source, and control a
patient bed. The CT apparatus also includes a data acquisition
system 5 and a processor 6 to generate CT images based on
the projection data acquired by the data acquisition system. In
one embodiment, the reconstruction processor makes use of a
“map” of the detector that indicates which detector elements
are collimated (e.g., tunnels) and which are not. The proces-
sor and data acquisition system make use of a memory 7,
which is configured to store e.g., data obtained from the
detector, the map of the detector, and reconstructed images.

In one embodiment, the processor is programmed to deter-
mine photon counts of the captured incident X-ray photons in
a plurality of energy windows at each energy-discriminating
detector, and to adjust the determined photon counts in each
energy window for each energy-discriminating detector
based on a pre-determined photon count-loss look-up table
and the determined photon counts.

As one of ordinary skill in the art would recognize, the
processor 6 can include a CPU that can be implemented as
discrete logic gates, as an Application Specific Integrated
Circuit (ASIC), a Field Programmable Gate Array (FPGA) or
other Complex Programmable Logic Device (CPLD). An
FPGA or CPLD implementation may be coded in VHDL,
Verilog, or any other hardware description language and the
code may be stored in an electronic memory directly within
the FPGA or CPLD, or as a separate electronic memory.
Further, the memory may be non-volatile, such as ROM,
EPROM, EEPROM or FLASH memory. The memory can
also be volatile, such as static or dynamic RAM, and a pro-
cessor, such as a microcontroller or microprocessor, may be
provided to manage the electronic memory as well as the
interaction between the FPGA or CPLD and the memory.

Alternatively, the CPU in the reconstruction processor may
execute a computer program including a set of computer-
readable instructions that perform the functions described
herein, the program being stored in any of the above-de-
scribed non-transitory electronic memories and/or a hard disk
drive, CD, DVD, FLASH drive or any other known storage
media. Further, the computer-readable instructions may be
provided as a utility application, background daemon, or
component of an operating system, or combination thereof,
executing in conjunction with a processor, such as a Xenon
processor from Intel of America or an Opteron processor
from AMD of America and an operating system, such as
Microsoft VISTA, UNIX, Solaris, LINUX, Apple, MAC-OS
and other operating systems known to those skilled in the art.
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Once processed by the pre-reconstruction processor, the
processed signals are passed to the reconstruction processor,
which is configured to generate CT images. The images are
stored in the memory, and/or displayed on a display. As one of
ordinary skill in the art would recognize, memory can be a
hard disk drive, CD-ROM drive, DVD drive, FLASH drive,
RAM, ROM or any other electronic storage known in the art.
The display can be implemented as an LCD display, CRT
display, plasma display, OLED, LED or any other display
known in the art. As such, the descriptions of the memory and
the display provided herein are merely exemplary and in no
way limit the scope of the present advancements.

The disclosed embodiments effectively incorporate the
angular dependency of detector detection efficiency into cur-
rent CT data acquisition models.

The disclosed embodiments compensate for data inconsis-
tency due to the angular dependency of detector response as
well as any possible residual effect from count rate depen-
dency and energy resolution blurring.

As would be clear to one of ordinary skill in the art, the
above-disclosed methods for photon count-loss calibration
apply to all CT scanner geometries, including single-slice and
multi-slice scanners. Moreover, the disclosed methods can be
used with all CT beam types, including parallel beams, fan-
beams, and cone-beams.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed the novel methods and systems described herein may
be embodied in a variety of other forms; furthermore, various
omissions, substitutions, and changes in the form of the meth-
ods and systems described herein may be made without
departing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the inventions.

The invention claimed is:
1. A method for photon count-loss calibration in a com-
puted-tomography (CT) scanner, comprising:

capturing incident X-ray photons via a plurality of energy-
discriminating detectors;

determining photon counts of the captured incident X-ray
photons in a plurality of energy windows at each energy-
discriminating detector; and

adjusting the determined photon counts in each energy
window for each energy-discriminating detector based
on a pre-determined photon count-loss look-up table and
a basis material decomposition obtained from the deter-
mined photon counts.

2. The method of claim 1, wherein the adjusting step com-

prises:

defining, for a specific energy window of a specific energy-
discriminating detector, a first photon count to be equal
to a photon count among the determined photon counts
corresponding to the specific energy window of the spe-
cific energy-discriminating detector;

obtaining the basis material decomposition based on the
first photon count;

determining an estimated true photon count based on the
pre-determined photon count-loss look-up table and the
obtained basis material decomposition, the specific
energy window, and a plurality of scan parameters;

calculating a difference between the estimated true photon
count and the first photon count; and

changing the first photon count to be equal to the estimated
true photon count and repeating the obtaining, determin-
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ing, calculating, and changing steps when an absolute
value of the calculated difference is greater than a pre-
determined threshold.

3. A computed-tomography (CT) apparatus, comprising:

a CT scanner including an X-ray source;

a detector including a plurality of energy-discriminating
detectors capturing incident X-ray photons emitted from
the X-ray source; and

a processor configured to

determine photon counts of the captured incident X-ray 10

photons in a plurality of energy windows at each
energy-discriminating detector, and

adjust the determined photon counts in each energy win-
dow for each energy-discriminating detector based on
a pre-determined photon count-loss look-up table and
a basis material decomposition obtained from the
determined photon counts.

4. The CT apparatus of claim 3, wherein, in adjusting the
determined photon count, the processor is further configured
to:

define, for a specific energy window of a specific energy-

discriminating detector, a first photon count to be equal
to a photon count among the determined photon counts
corresponding to the specific energy window of the spe-
cific energy-discriminating detector;

obtain the basis material decomposition based on the cur-

rent first photon count;
determine an estimated true photon count based on the
pre-determined photon count-loss look-up table and the
obtained basis material decomposition, the specific
energy window, and a plurality of scan parameters;

calculate a difference between the estimated true photon
count and the first photon count; and

change the first photon count to be equal to the estimated

true photon count, and repeat the obtaining, determin-
ing, calculating, and changing steps when an absolute
value of the calculated difference is greater than a pre-
determined threshold.

5. A method to determine a photon count-loss look-up table
for calibrating photon counts detected at a plurality of energy-
discriminating detectors in a computed-tomography (CT)
apparatus, the method comprising:

emitting X-ray photons, under pre-determined scan param-

eters, from an X-ray source, to a phantom arranged
within the CT apparatus, the phantom including a pre-
determined basis material and having a pre-determined
thickness;

capturing incident X-ray photons at the plurality of energy-

discriminating detectors;

detecting the photon counts of the captured incident X-ray

photons in a plurality of energy windows at each energy-
discriminating detector;

determining estimated true photon counts based on the

pre-determined basis material, the pre-determined
thickness, and the pre-determined scan parameters; and
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storing, in the photon count-loss look-up table, the deter-
mined estimated true photon counts and the detected
photon counts in association with parameters represent-
ing the pre-determined basis material and the pre-deter-
mined thickness, and in association with the pre-deter-
mined scan parameters.

6. An apparatus to determine a photon count-loss look-up
table for calibrating photon counts detected in a computed-
tomography (CT) apparatus, the apparatus comprising:

an X-ray source configured to emit X-ray photons, under
pre-determined scan parameters, from an X-ray source,
to a phantom arranged within the CT apparatus, the
phantom including a pre-determined basis material and
having a pre-determined thickness;

a plurality of energy-discriminating detectors configured
to capture incident X-ray photons and to detect the pho-
ton counts of the captured incident X-ray photons in a
plurality of energy windows;

a processor configured to determine estimated true photon
counts based on the pre-determined basis material, the
pre-determined thickness, and the pre-determined scan
parameters; and

a memory configured to store, in the photon count-loss
look-up table, the determined estimated true photon
counts and the detected photon counts in association
with parameters representing the pre-determined basis
material and the pre-determined thickness, and in asso-
ciation with the pre-determined scan parameters.

7. The method of claim 1, wherein the pre-determined
photon count-loss look-up table includes estimated true pho-
ton counts corresponding to the obtained basis material
decomposition, the specific energy window, and a plurality of
scan parameters.

8. The method of claim 1, wherein the adjusting step com-
prises:

calculating a difference between an estimated true photon
count and a first photon count; and

changing the first photon count, and repeating the calcu-
lating and changing steps when the calculated difference
is greater than a pre-determined threshold.

9. The CT apparatus of claim 3, wherein the pre-deter-
mined photon count-loss look-up table includes estimated
true photon counts corresponding to the obtained basis mate-
rial decomposition, the specific energy window, and a plural-
ity of scan parameters.

10. The CT apparatus of claim 3, wherein, in adjusting the
determined photon count, the process is further configured to:

calculate a difference between an estimated true photon
count and a first photon count; and

change the first photon count, and repeat the calculating
and changing steps when the calculated difference is
greater than a pre-determined threshold.
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